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Abstract
This project includes vast research on the Solid Oxide Fuel Cell Gas Turbine (SOFC/GT)
hybrid system. This system’s goal is to create energy and to minimize the pollution by utilizing
natural gas and a combination of different components such as a fuel cell, heat exchangers, bypass
valves, turbines and combustors working together to create energy. This system was created for it
to be used as a base for a future alternative to create clean energy all around the country.
The SOFC/GT system consists of the fuel cell being pressurized by the gas turbine. Then
the fuel cell exhaust gas in the turbine. This system is considered efficient since most of the heat
is recovered in the turbine and the pressurization helps to improve the fuel cell features. [1] Even
though this system is effective, a design of a bypass valve is proposed to increase even more the
efficiency of this system.
The goal in this thesis is to design and manufacture a working bypass valve that in the
future will be integrated into the SOFC/GT system to control airflow at the exhaust of the gas
turbine. By doing this it is expected to increment the efficiency of the system. Unfortunately, in
the market, this valve is not manufactured at low costs, reason why materials such as Macro Fiber
Composites (MFC) and Shape Memory Alloys (SMA) were applied to create a new valve available
to a more reasonable price. The design is intended to adjust this new material test and collect
results.
Finally, the Macro Fiber Composites (MFC) was considered not a good fit for this project
due to its low performance as an actuator and its sensibility to future high temperatures. Reason
why the main focus is in the design that utilizes Shape Memory Alloys (SMA). The SMA showed
a better actuation with electricity.

vi

TABLE OF CONTENTS
Dedication ...................................................................................................................................... iii
Acknowledgements ..........................................................................................................................v
Abstract .......................................................................................................................................... vi
Table of Contents .......................................................................................................................... vii
List of Tables ...................................................................................................................................x
List of Figures ................................................................................................................................ xi
List of Graphs ............................................................................................................................... xii
Chapter 1 ..........................................................................................................................................1
Introduction and Background .................................................................................................1
1.1 DOE Hyper Facility .......................................................................................................2
1.2 Piezoelectric ......................................................................................................................2
1.3 Macro Fiber Composites ................................................................................................3
1.4 Shape Memory Alloys ......................................................................................................7
1.5 Thesis Objective................................................................................................................8
1.6 Practical Relevance ...........................................................................................................9
Chapter 2 ........................................................................................................................................10
Calculation Theory................................................................................................................10
vii

2.1 Macro Fiber Composite Calculation Theory ..................................................................10
2.2 Shape Memory Alloys Calculation Theory ....................................................................17
2.2.1 Total Deflection Calculations ......................................................................................17
Chapter 3 ........................................................................................................................................19
Design Model ........................................................................................................................19
3.1 Design Constraints ..........................................................................................................19
3.2 Boundary Conditions ......................................................................................................20
3.3 Approaching the Design .................................................................................................20
3.3.1 MFC Design .................................................................................................................20
3.4 Preliminary Designs ........................................................................................................22
3.5 Valve Design ...................................................................................................................24
3.6 Safety Analysis ...............................................................................................................24
Chapter 4 ........................................................................................................................................26
Results and Discussion .........................................................................................................26
4.1 Laminar Flow Analysis on Test Prototype Design .........................................................26
4.2 Flow Analysis on Valve Design .....................................................................................27
4.3 SMA Actuation Results ..................................................................................................29
4.4 Actual Flow Results ........................................................................................................33

viii

Chapter 5 ........................................................................................................................................36
Conclusion ............................................................................................................................36
5.1 Recommendations and Future Work ..............................................................................36
References ......................................................................................................................................40
Appendix ........................................................................................................................................47
Nomenclature .................................................................................................................................47
Glossary .........................................................................................................................................49
Final Valve Design ...............................................................................................................49
Piezo Mount for Lab Prototype.............................................................................................50
Shape Memory Alloy Information ........................................................................................51
Macro Fiber Composite Information ....................................................................................51
Vita ...............................................................................................................................................52

ix

List of Tables
Table 1. MFC properties [9] .......................................................................................................... 6
Table 2. Operational Parameters [9] .............................................................................................. 6
Table 3. MFC M 4312 Properties [11]........................................................................................... 6
Table 4. One MFC Deflecting a 90° aluminum substrate ............................................................ 14
Table 5. Two MFCs Deflecting a 135° aluminum substrate Test #1 .......................................... 15
Table 6. Two MFCs Deflecting a 135° aluminum substrate Test #2 .......................................... 15
Table 7. Properties of Nitinol. [21] .............................................................................................. 17
Table 8. Fixed Voltage, Current vs Time for SMA ..................................................................... 30
Table 9. Maximum Voltage Set at 1V ......................................................................................... 31
Table 10. Maximum Voltage Set at 2V ....................................................................................... 31
Table 11. Maximum Voltage Set at 3V ....................................................................................... 31
Table 12. Maximum Voltage Set at 4V ....................................................................................... 32
Table 13. Maximum Voltage Set at 5V ....................................................................................... 32
Table 14. First Set of Testing....................................................................................................... 34
Table 15. 1st Test Run with Modifications................................................................................... 34
Table 16.2nd Test Run with Modifications ................................................................................... 35

x

List of Figures
Figure 1. Macro Fiber Composites attached to Aluminum Alloy Sheets. .................................... 10
Figure 2. Explanation of Bending Radius ..................................................................................... 11
Figure 3. 135 Degrees Plate .......................................................................................................... 13
Figure 4. 90 Degrees Plate. ........................................................................................................... 13
Figure 5. Prototype of MFC .......................................................................................................... 21
Figure 6. MFC Arrangement for Valve Prototype ........................................................................ 21
Figure 7. Prototype of Design of the MFC ................................................................................... 22
Figure 8. Top View and Side View of the First Preliminary Design. ........................................... 22
Figure 9. The Preliminary CAD Design with the Disk and SMA Applied .................................. 23
Figure 10. High Temperature Resin Mount and Prototype........................................................... 23
Figure 11. Preliminary CAD Design ............................................................................................ 23
Figure 12. Preliminary Printed Design ......................................................................................... 24
Figure 13. a) CAD Design of Non-assembled Valve b) CAD Design of Assembled Valve ........ 24
Figure 14. Laminar Flow ANSYS Analysis ................................................................................. 26
Figure 15. Laminar Flow ANSYS Analysis, Close Look into Leakage ....................................... 27
Figure 16. Airflow ANSYS Analysis with valve.......................................................................... 28
Figure 17. Airflow ANSYS Analysis with Valve, Close Look into Leakage .............................. 29
Figure 18. Representation of the Flow Direction.......................................................................... 33
Figure 19. High Temperature Prototype for in-lab Purposes ........................................................ 37
Figure 20. An Idea into the Design for the Hyper Facility ........................................................... 38
Figure 21. Re-designed Rod and Disc .......................................................................................... 38
Figure 22. Two Options for the Rod Design in which the SMAs will be Attached to ................. 39

xi

List of Graphs
Graph 1. One MFC Deflecting a 90° aluminum substrate ............................................................ 14
Graph 2. Two MFCs Deflecting a 135° aluminum substrate Test #1 ........................................... 16
Graph 3. Two MFCs Deflecting a 135° aluminum substrate Test #2 ........................................... 16
Graph 4. Fixed Voltage, Current vs Time for SMA ..................................................................... 30
Graph 5. Time of Actuation VS Current, Max. Voltage=5V ....................................................... 33

xii

Chapter 1
INTRODUCTION AND BACKGROUND
A pressure bypass valve design is proposed and tested in this document to control airflow
in a SOFC/GT system. [1] Smart materials such as macro fiber composites (MFC) and shape
memory alloys (SMA) were analyzed to be applied into this valve by creating first a relationship
between induced voltage and strain. This determines the performance as actuators of this material.
The main goal of this project is to design, manufacture and test a bypass valve that in the
future will be able to endure high temperatures and pressures. The SOFC/GT hybrid system works
at high temperatures such as 1100˚C to 1200˚C, but in the specific area in which the valve is
planned to be applied the temperatures can go from 250℃ to 650℃ at 1 atm pressure.
A bypass valve design is proposed and tested in this document to eventually be applied and
the control airflow in a SOFC/GT system. [1] Several materials were tested to accomplish the final
design. First, a Macro Fiber Composite (MFC) was researched and tested. A relationship was
developed between induced voltage and strain for the MFC which is the piezoelectric that gave
best deflection results. Then materials such as Shape Memory Alloys (SMA) where tested and
gave better results. There are different SMA’s that have different reaction temperatures, which
makes it easier to utilize the SMAs as a valve actuator for this system.
The main goal of this project is to design, manufacture and test a bypass valve that can
endure room temperatures for future teams to work in the high temperature and high-pressure
version of this valve. The SOFC/GT hybrid system works at high temperatures from 250℃ to
650℃ and 1 atm pressure. For safety in-lab reasons the maximum temperature that could be tested
in-lab is 98℃. Even though the design only works at room temperature, a design that can endure
higher temperatures was made and partly manufactured.
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1.1 DOE HYPER FACILITY
The Department of Energy has the Hybrid Performance Project (Hyper) facility at the
National Energy Technology Laboratory (NETL) located at Morgantown. This team and facility
is in charge not only of the maintenance of the SOFC/GT system but also is in charge of improving
it. Because of that the Hyper Team run several tests to improve the efficiency of this system. The
team is composed of several people that look
High-temperature valves are hard to find in the market due to its high complexity of having
a design that can withstand very high temperature ranges. Many companies or laboratories can
have a custom design but can result costly. Hence, NETL’s goal is to open new development ideas
in this research area since it could become very efficient for a hybrid system. New development
ideas for this research helps scientists to investigate a variety of valves to widen their knowledge
for new applications and at the same time it saves them money. Many valves used in piping were
studied to find different types of designs held out in the market [2].
The attain of this research was to determine which valve is useful for the design to be
modernized. An innovation for the valve was to integrate a composite inside the pipe acting as a
valve working as a gate. In order to perform this task, the design of the valve was first considered
to visualize how the composite was going to be positioned inside the pipe. Finally, the gate valve
was chosen to be the initiative of the design.
1.2 PIEZOELECTRIC
Nowadays piezoelectric materials are used in our daily life’s. The simplest items such as
phones, up to more complex aircraft uses this new technology. Piezoelectric materials can be found
in nature as crystals, some examples are quartz and a specific type of salts such as rochelle salt.
Some examples in which quartz are still being used is in accelerometers. The industry used the
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natural piezoelectric as an incentive to manufacture different synthetic piezoelectric materials.
Reason why many other piezoelectric materials were discovered. The first ceramic piezoelectric
discovered by scientists was barium titanate (BaTiO3) in 1943. Years later the lead zirconate
titanate (PZT) electro-ceramic material was discovered. The properties of the PZT piezoelectric
resulted to be stronger than barium titanate. [3] Piezoceramics was then incorporated to composites
which provide the capability of using the best features of both components and minimizes the
unfavorable characteristics.
The most common use for piezoelectric materials is different type of sensors such as
temperature sensors, sonic blast sensors, and commercial hydrophone. Other applications are
signal processing and actuators. In this experiment this material is used as an actuator. This is
possible due to the piezoelectric effect and the inverse piezoelectric effect. The piezoelectric effect
consists in converting kinetic energy into electrical signals while the inverse piezoelectric effect is
converting electric signals into kinetic energy. This experiment is based solely in inverse
piezoelectric effect.
1.3 MACRO FIBER COMPOSITES
There were many difficulties with traditional piezoelectric materials, reason why scientists
looked for and discovered a new material with better performance. The result they obtained was
piezocomposite actuators. This resulted to be a material with better and more effective features as
well as a more uniform fabrication process and lower costs. The piezocomposite produces twice
the strain than piezoceramic materials. [4] This was achieved by using an interdigitated electroding
that caused electrical fields to form in the piezoelectric material. This material was first developed
at NASA’s Langley Research Center for Aerospace applications and is better known as MacroFiber Composite (MFC).
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This MFC has proved a good performance and flexibility in diverse projects and
applications. Applications such as noise and vibration cancellation, strain sensors, energy
harvestors, high performance actuators, etc. Since this material proved to be a better actuator than
the others. This material was chosen to be applied into the valve design.
One of the NASA approved actuators are the Macro Fiber Composites (MFC). This MFC
has proved a good performance and flexibility in their projects. By applying this material in the
design, the cost is less than the different types of valves in the market.
The workability of this material can be seen in diverse projects such as the underwater
oscillation or propulsion device actuated by the MFC. In this project a model is created and the
MFC is used by being attached to a substrate with epoxy, to assure a thin layer of epoxy is utilized
the sample was placed in a vacuum oven at room temperature. An epoxy layer was applied to the
MFC’s electrical connections to insulate it from the water. An aluminum alloy of 0.2 mm
thickness. This is an important step since an alloy is needed for the best actuation of the MFC. The
MFC created oscillations that caused a maximum propulsion of 0.2482 m/s and finally bases their
propulsion calculated with the Lighthill’s elongated-body theory.[5] Another project that
demonstrated the actuation of this material is a piezoelectric pump. For this project two MFCs are
used by attaching them to a beryllium bronze substrate in a cross direction. This project confirms
that the actuation of the MFC decreases as the substrate thickness increases. The pump was tested
with air and water. When the MFC are actuated, it creates a vertical displacement which pulls and
pushes back the air flow or water flow, creating a pump. The output flow results where lower than
the theoretical outcome. [6]
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There are many projects that analyze and confirm the actuation of the MFC. There is also
studies that analyze the fatigue of an MFC and the residual thermal effects. The thermal cycling
causes impedance [7]
As well as the analysis of the method that evaluates the performance of MFC bimorph.
These projects utilize the same method of attaching the MFC to a significant larger substrate by
utilizing a thin layer of less than 15μ mm of epoxy adhesive. The thin layer reduces the strain
energy loss to the point that it can be neglected. Compression in the axial direction if applied on
the ends to increase deformation on the MFC, M-4010 P1. A sensor is used to measure the free
mid-point amplitude and the output torque. [8]
1.3.1 Macro Fiber Composite Material Properties
The Macro Fiber Composite (MFC) is a sensor and actuator created by NASA since 1996
and was incorporated in the market until 2002. The MFC consists of three types of layers. The
middle layer that is a sheet of piezoceramic fibers that is sandwiched the second layer type, a
structural epoxy layer, and finalizes with the top and bottom layers that are a polyimide film that
has electrode patterns. [9] This material has many applications such as distorting material,
counteract or create vibration, sensor of noise, vibrations, deformations, etc. There are two types
of MFC identified as d33 and d31. The difference between these two is the type of actuation it
generates, d31 contracts while d33 elongates. For this project the type of actuation needed had to
be able to create a flapping movement reason why the MFC d33 was chosen to be analyzed. Table
1 and Table 2 show the properties and testing parameters which are essential to understand the
limits of this material to take care of the material and initiate testing.
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Table 1. MFC properties [9]

Table 2. Operational Parameters [9]

The way the NASA fabricates the MFC is discussed in the book “Method of Fabricating
NASA-Standard Macro Fiber Composite Piezoelectric Actuators”. They utilize Loctite glue to join
both electrode films and the piezoceramic fiber sheet. [10] One of the MFC utilized in this project
is the M-4312-P1 with a d33 effect. The d33 effect means that its actuation works as elongator it
also determines the piezoelectric constants as shown in Table 3. This MFC in specific works with
a minim and maximum voltage respectively of -500 V to +1,500 V. The frequency should not
exceed 10KHz if the MFC is going to be used as an actuator. [11]
Table 3. MFC M 4312 Properties [11]
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1.4 SHAPE MEMORY ALLOYS
The most significant task is to explore on the material of the valve, especially looking into
a flexible composite. It is important to consider the not only the melting temperature but also the
maximum operational temperature that the composite can handle. If the temperature of the valve
exceeds the material’s operational temperature, then this composite would lose all its
electromagnetic properties and would not function correctly. Many composite materials were
analyzed. However, the shape memory alloy (SMA) offered the best mechanical properties for the
valve. The SMA that was considered is the NiTinol (Nickel-Titanium)[12]. This is due to the
corrosion studies that were made on NiTi alloys that showed better stability than in other alloys.
This type of alloy is the one most used in medicine and dentistry because of its ductility, high
deformation recovery and biocompatibility properties.[13]
The shape memory alloys are called like that because the alloys have the ability to regain
its shape when subjected to heat. In other words, the material is subjected to stress that causes
deformation. The material is subjected to heat that will cause to regain its original shape. There
are two type of memory effect: “one way” which regain memory at one specific temperature and
“two way” which memory consists of two different temperatures. The thermal behavior of the
shape memory alloy consists of two phases martensite (cooling), starts at Ms and ends in Mf, and
austenite (heating), starts at As and ends at Af. The graph of the thermal behavior changes with
every thermal cycle increasing the probability of hysteresis which is included [13].
This material is very useful also because it can be trained to move certain angles. In other
words, if the proper training procedure is used it can generate more or less movement according
to the project’s necessities. The two-way shape memory alloy’s training requires a thermomechanical cycle or treatment before it can show results of training. For this, certain angles are
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chosen for cold and hot temperatures and then they are exposed to high temperatures for it to
preserve its high temperature shape and cold temperatures to keep the cold temperature shape.
After that, the material will keep the high temperature shape whenever its heat up and the cold
temperature shape when its cooldown. [13] For a one-way shape memory alloy, the same process
is performed. Apply a thermal cycling, a constant temperature above Af with no stress on it in the
position you want the material to remember. Mr. Patrick Becker explains more in depth the phases
that the material goes through to the material to be trained in his thesis. [15]
Most of the materials considered for this project are smart materials. The next sections
discuss in depth what types of materials were considered and explains what their functions are.
However, SMA and MFC were the most intriguing materials to work with and analyze. The
material for the actuator used inside the pipe is the most important job to be determined in the
design. The selection of the material will help accomplish the mechanism of the valve acting in a
hybrid system at extremely high temperatures. This chapter gives a brief explanation on what types
of materials were sought and how they have been applied in research areas and in the industry.
The next materials discussed are in the same order as this research was being constructed.
1.5 THESIS OBJECTIVE
The objective is to design a cost-effective valve by utilizing smart materials as actuators
for the Hyper system (SOFC/GT) at NETL. In this case to show that the Macro Fiber Composites
can be used as actuators by creating a relationship between the thickness of the alloy that’s been
used and the deflection this material creates when it is exposed to high voltages. Another smart
material whose actuation need to be tested is that from the shape memory alloy and compare which
material develops better for research and the project purposes. The material that provides best
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actuation results will be the material that will be applied on the final design of the valve. The tasks
required to complete this objective are listed below:
Task 1: Test and analyze the deflection of the MFC with high voltage to determine the
actuation capacity.
Task 2: Calculate the heat transfer of the flow through the as well as the ideal deflection of
an MFC attached to different alloys.
Task 3: Create a prototype and a mount for the MFC to test the development of the MFC
to control an airflow of at least 60 L/min
Task 4: Test and analyze the shape memory alloy springs to determine its actuation
development.
Task 5: Create design with the shape memory alloy spring to test its capacity to control the
airflow of at least 60 L/min.
Task 6: Finalize prototype and get it ready for future work in high temperature.
1.6 PRACTICAL RELEVANCE
Most companies that require a high temperature valve, get ready either by designing their
own version of the valve or by purchasing a high-priced valve that are offered in market.
Unfortunately, there are not many options in the market for this type of product. [16] Some type
of valves available in the market are from the company ERREEESSE and they offer 5 types of
valves such as DBB Modular body, split body, fully welded, multiple way, and top entry. In other
words, the huge inconvenience with this product is that they are extremely expensive and there are
limited vendors. Reason why a new design was taught to implement smart materials such as
piezoelectric and shape memory alloys. By utilizing these materials, the cost reduces, and the
development of the valve can even improve from those of conventional valves.
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Chapter 2
CALCULATION THEORY
This chapter explains some theory behind the calculations for an MFC and SMA. The
calculations shown below can guide the individual to build the prototype. It is important to
understand that most of the equations provided in this chapter can be applied when starting to
design an SMA spring. However, in chapter 4 three equations provided here helped determine how
much force can a spring with specified dimensions provide.
2.1 MACRO FIBER COMPOSITE CALCULATION THEORY
To choose the ideal MFC for this project, several calculations had to be done. The
properties of different types of MFCs were considered. An MFC with induced voltage that had as
a result a considerable deflection was selected by applying the following formulas. Macro Fiber
Composite was attached to an alloy sheet such as aluminum or stainless steel. If this step is skipped
the MFC won’t be able to move. In this case the aluminum and the stainless-steel deflection results
were compared. Voltage vs Deflection relationships were done to determine which alloy gives the
best results when it comes to deflection.

Figure 1. Macro Fiber Composites attached to Aluminum Alloy Sheets.
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Each MFC is attached to an alloy which creates a blocking force which is the minimum
force that the MFC needs to create to start moving. Also, the MFC itself creates a constant blocking
force which is added to the alloy’s blocking force. Two different alloys were analyzed, aluminum
and stainless steel. The next equations are the basic equations used to calculate the final deflection
after the voltage is applied. Finally, the bending radius is calculated, it can also be called bending
deformation and is shown in Figure2. [17]

𝐼𝑛𝑒𝑟𝑡𝑖𝑎

𝐼 = 𝑤 𝑥 𝑡3

Equation. 1

𝑌𝑜𝑢𝑛𝑔′ 𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠

𝐸 = 𝐸𝑐𝑎𝑛𝑡𝑖𝑙𝑖𝑣𝑒𝑟 +𝐸𝑀𝐹𝐶

Equation.2

3𝑢𝐸𝐼

Equation.3

Blocking Force

𝐹𝑏𝑙𝑜𝑐𝑘 =

Desired Free Deflection

𝑢=𝑅 𝑥

Bending Radius

𝑅𝑘 = 2𝑢

1

𝑘

𝐿3

𝜋𝑟 2

𝐿2
2

𝐿2

Equation.4
Equation.5

Figure 2. Explanation of Bending Radius
2.1.1 Deflection Calculations
Most of the equations discussed in this chapter were obtained from Development of an
MFC Bending Element as an Actuator for Sensor Systems, so in order to compare results it would
be best to test the actuator and compare calculations with a force vs displacement graph. [18,19]
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Aluminum

Inertia

𝐼 = 𝑤 𝑥 𝑡 3 = 0.02390 𝑥 0.000623 = 5.696𝑥10−12 𝑚4

Young’s Modulus

𝐸 = 𝐸𝑐𝑎𝑛𝑡𝑖𝑙𝑖𝑣𝑒𝑟 +𝐸𝑀𝐹𝐶 = 69𝑥109 + 30.336𝑥109 = 9.0336𝑥1010 𝑃𝑎

Blocking Force and
Desired Free Deflection

𝐹𝑏𝑙𝑜𝑐𝑘 = (195 + 1) =

Bending Radius

𝑅𝑘 = 2𝑢 = 2 𝑥 9.7469𝑥10−3 𝑚 = 0.09265𝑚 = 92.65mm

𝐿2

3𝑢𝐸𝐼
𝐿3

𝑢=

𝐹𝑏𝑙𝑜𝑐𝑘 𝐿3
= 9.7469𝑥10−3 𝑚 = 9.7𝑚𝑚
3 𝐸 𝐼

0.04252

Stainless Steel

Inertia

𝐼 = 𝑤 𝑥 𝑡 3 = 0.02410 𝑥 0.000523 = 3.3886𝑥10−12 𝑚4

𝑌𝑜𝑢𝑛𝑔′ 𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠

𝐸 = 𝐸𝑐𝑎𝑛𝑡𝑖𝑙𝑖𝑣𝑒𝑟 +𝐸𝑀𝐹𝐶 = 190𝑥109 + 30.336𝑥109 = 2.20338𝑥1011 Pa
3𝑢𝐸𝐼
𝐿3

𝑢=

𝐹𝑏𝑙𝑜𝑐𝑘 𝐿3
= 7.2210𝑥10−3 𝑚 = 7.2210 𝑚𝑚
3 𝐸 𝐼

Blocking Force and
Desired Free Deflection

𝐹𝑏𝑙𝑜𝑐𝑘 = (195 + 1.5) =

Bending Radius

𝑅𝑘 = 2𝑢 = 2 𝑥7.2210𝑥10−3 𝑚 = 0.13102𝑚 = 131.024𝑚𝑚

𝐿2

0.04352

2.1.2 Deflection VS. Voltage Graphs
To create a deflection vs voltage relationship, two apparatus had to be used. One of the
apparatuses is an arbitrary waveform generator which creates a small signal that the high voltage
power supply increases that small signal by 6,000. The arbitrary waveform generator had to be
programmed to send a high Z signal of 50mHz which is a relatively low frequency, a voltage signal
of 240mVpp and finally an offset voltage of +120mVdc. This equals to the maximum voltage that
the MFC can be exposed to that is 1500 V. After that the high voltage power supply is set up to its
maximum capacity and turned on to transfer the amplified signal to the MFC.
The MFC was attached to a long aluminum sheet since the deflection is more noticeable if
it acts as a beam. There are two ways in which the deflection was measured 90° and 135° degrees.
This can be seen in figure 3 and figure 4, in which the plate to which the MFC is attached to.
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Figure 3. 135 Degrees Plate

Figure 4. 90 Degrees Plate.
The results show a table as in table 1 that demonstrates the mVpp entered into the waveform
generator, then it shows the actual voltage that the power supply amplified that signal into. The
results that are highlighted in orange are the results that seem odd, and it is due to different factors
such as focus of the camera that measured the deflection, the position might’ve been different or
the test was done too fast that it didn’t give enough time for the material to totally go back to its
initial position and deflects less.
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Table 4. One MFC Deflecting a 90° aluminum substrate

90° 1 MFC Prototype
1.2
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1
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0
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Expon. (MAX. Deflection cm)

Expon. (Approx. Deflection cm)

Graph 1. One MFC Deflecting a 90° aluminum substrate
After seeing the poor development of the 90° aluminum substrate the team focused on
testing the 135°. Reason why the next tables and graphs show 2 tests done with two MFCs, one
attached over the other one. These results show twice the deflection than the 90° aluminum
substrate. The second test showed a drastic decrease in the deflection by the highest voltage. At
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this point the team noticed that the bottom MFC was broken due to the severe voltage increase
when the power supply is turned on and then it stabilizes into the inputted voltage.
Table 5. Two MFCs Deflecting a 135° aluminum substrate Test #1

Table 6. Two MFCs Deflecting a 135° aluminum substrate Test #2
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135° 2MFC Prototype, 1st Test
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Graph 2. Two MFCs Deflecting a 135° aluminum substrate Test #1

135° 2MFC Prototype, 2nd Test
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Graph 3. Two MFCs Deflecting a 135° aluminum substrate Test #2
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2.2 SHAPE MEMORY ALLOYS CALCULATION THEORY
The shape memory alloys have its own equation to determine the stress and strain, as well
as maximum deflection. Some of the basic equations are as simple as the spring equation to
determine its strain, but others depend on the temperature and the martensitic fraction. This is to
determine the phase of transformation and depending on that, is the type of equation that’s used.
Below can be seen some of the equations that show the shape memory alloy effect mathematically.
[20]

Shear Stress, strain relation

𝜏 − 𝜏𝑜 = 𝐺(𝛾 − 𝛾𝑜 ) +

𝛺
√3

Phase Transformation Tensor

𝛺 = −𝐷𝜀𝐿

Variable, Degree of Martensitic Trans.

𝜉 = 𝛯(𝜎𝑒𝑞 , 𝑇)

(𝜉 − 𝜉𝑜 ) +

𝛩
√3

(𝑇 − 𝑇𝑜 )

In this formula G is the elastic shear modulus, 𝜏 is the shear stress, 𝛾 is the strain, 𝛺 is the
phase transformation tensor, 𝛩 is the thermoelastic tensor related to the thermal expansion of the
SMA that can be found on the table of properties on table 7, T is temperature and finally 𝜉 is the
internal variable describing the degree of martensitic transformation.
Table 7. Properties of Nitinol. [21]

2.2.1 TOTAL DEFLECTION CALCULATIONS
As stated before, the project will be utilizing shape memory alloy springs. For these, certain
formulas need to be used of those of ordinary springs. In this case maximum shear stress is
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calculated by using the springs characteristics. This information is required to be able to calculate
the total deflection that the spring can exert.
2𝐹𝑅

Spring max shear

𝜏𝑚𝑎𝑥 = 𝐾 𝜋𝑟 2

Hooke’s Law of Torsion

𝛾 = 𝐺 = 𝜋𝑟 3 𝐺

Angular Deflection

𝛼 = ∫0

Total Deflection

𝑦 = 𝛼𝑅 =

𝜏

2𝐹𝑅

2𝜏𝑅𝑁 𝛾

𝑑𝑥 =
𝑟

4𝐹𝑅 2 𝑁
𝑟 4𝐺

4𝐹𝑅 3 𝑁
𝑟 4𝐺

In these equations the K means the Wahl correction factor. This factor is used to determine
the change in the coil of the spring, or the compression of the spring. [22] The other symbol such
as F means the external force that’s been exerted, R is the mean radius of the spring, r is the radius
of the wire, G is the shear modulus. The Hooke’s Law of torsion determines the deformed rotation
angle, the new position that the wire will occupy. The angular deflection measures the change in
angle that one end of the spring has with respect the other end of the spring. Finally, N is the total
number of coils and is used to determine the angular deflection and the total deflection.
In the other side one important equation for this project was the activation time of the SMA.
One of the factors that made this material stand up is the activation time. [23] The fact that time
has an inverse relation with current means that the more current that’s applied to this material the
faster the activation it is. In other words, the current can be incremented directly without the
necessity of doing calculations, because of the type of relationship this has.
Activation Time

𝑡𝑎 =
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2
𝐴𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑆𝑁𝑖𝑇𝑖
∆𝑇

𝐼2

Chapter 3
DESIGN MODEL
For the team to decide a design for this project, several valves were studied to make the
best decision of the valve’s workability. The valve that the project’s design assimilates the most,
is a butterfly valve. The butterfly valve is called like that because of the type of movement it
creates, it utilizes a disk that regulates flow, and this disk is controlled by a torsion movement
outside the flow. [24] The design that the team made simulates this movement of a butterfly valve,
the difference is that the smart materials that are being used, will facilitate this movement and
make it easier. The torque motion will be created by the shape memory alloy.
3.1 DESIGN CONSTRAINTS
Every project requires special attention into their controlled and un-controlled limitations.
These limitations help improve certain aspects of the project, such as results, cost or design. In the
case of these project, we have two types of constraints. One of the first constraints that had to be
controlled is the material that was utilize. The material chosen to start the prototype is PVC piping.
Even though the material is not recommended for compressed air, and it degrades easier with it, it
is an inexpensive material that will help to stay inside the budget and design the prototype easier
due to its easy installation. These materials were only chosen for the room temperature testing. For
future work in high temperature environment, stainless steel piping is recommended.
Due to the utilization of PVC pipes and compressed air, the material causes losses in the
air flow. These losses are very different from a stainless-steel pipe. The internal surface roughness
on each material is different, stainless steel has a smoother surface than PVC, and that causes
losses in the flow and probably a small difference in results. [25]
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Something that cannot be controlled but can be decreased as much as possible is the leaks
from the design to the ambient. At the beginning of testing the design, a problem was faced
regarding the excessive amount of leakage. This was not entirely solved, but partially solved. The
leakage was reduced to a 5.8%-16.6%. For this a sealant had to be used. The sealant is entirely
malleable and can cover leakages. This sealant was used to, even temporarily, attach the prototype
to the needed pipes. The project needed a temporary way of attaching the mount to the entire
prototype in case changes were done to the mount. Due to this there can also be leakages through
the sides of the mount due to the lack of sealant. This was the best way to have the mount accessible
without permanently close the system.
3.2 BOUNDARY CONDITIONS
The design of the valve needs to respect certain dimensions that cannot surpass such as a
height of 5” but the diameters need to stay in between 2”-3” since the SOFC/GT system exhaust
turbine space can be adjusted only to those measurements. The valve needs to be able to control at
least 80% of the flow and open and fully close with the shape memory alloys. This flow that needs
to be exposed to is of 60L/min up to 80 L/min to imitate the flows of the SOFC/GT system. The
project consists in proving the shape memory alloys work as actuators of a valve in room
temperature so further generations can make changes to prove its workability in high temperatures
such as 100°C in lab, then 250°C-650°C at NETL’s facilities.
3.3 APPROACHING THE DESIGN
3.3.1 MFC DESIGN
The first functional design consists of attaching the MFC to a stainless-steel sheet and an
aluminum sheet that’s significantly longer than the MFC so one side of the alloy is exposed to the
airflow, and it’s controlled by the MFC in the other side. This also has the purpose of avoiding the
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MFC to be exposed directly to the airflow, protecting the material, and giving it a better life. A
better airflow control can be done by giving a circular or ellipsoidal shape to the other extreme of
the alloy to take the shape of the inside of the pipe. The MFC creates a flapping effect that was
thought it would help control the valve. As shown in figure, two MFC were attached one over the
other to create more deflection when actuated.

Figure 5. Prototype of MFC

Figure 6. MFC Arrangement for Valve Prototype
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Figure 7. Prototype of Design of the MFC
3.4 PRELIMINARY DESIGNS
The first preliminary design that will include the functionality of the shape memory alloys,
which is the material chosen to continue the project. The Figure 8 shows the mount of the disk that
will go inside of the pipe to control the flow. While Figure 9 demonstrates the way the disk will
be placed as well as the basic placement for the springs. Due to the temperatures that the SMA can
be reached the mount had to be printed in high temperature resin to avoid the melting of the mount.
This mount can be seen in Figure 10, that also shows the placement of the prototype and how it
was tested.

Figure 8. Top View and Side View of the First Preliminary Design.
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Figure 9. The Preliminary CAD Design with the Disk and SMA Applied

Figure 10. High Temperature Resin Mount and Prototype
Another preliminary design consists of two sides that are put up together by bolts and nuts.
Sealant was used as a gasket and avoid leakages on the side. While on the top the spring will be
placed to actuate the valve from the inside.

Figure 11. Preliminary CAD Design
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Figure 12. Preliminary Printed Design
3.5 VALVE DESIGN
The most functional design can be shown on figure 13. This design reduced the leakages
to the outside and this was done by sealing well the sides and using the yellow piece, the cap, as a
help to cover and push the O-rings further down to seal well the top hole and avoid leakages.

Figure 13. a) CAD Design of Non-assembled Valve b) CAD Design of Assembled Valve
3.6 SAFETY ANALYSIS
The final valve design was chosen as the best design due to its ability to avoid leakages.
This helped to show better results in the control of the flow as well as in reducing risks. The
leakages reduced went from 13%-28% to 0.33%-0.83%. This means that the life of the system
will increase, or the system will not be affected by the leakage that the valve creates. The top part
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was designed so it won’t be exposed to the direct flow. If the SMA chamber is not exposed to
airflow its workability won’t be affected at room temperatures. This way is easier to install and
create a cooling system to keep the springs at room temperature, so they actuate when they are
activated and not by any external temperatures. Another way of avoiding risks is to insulate the
SMA springs as well as the cables that will connect the SMA to the power supply. That way we
can avoid problems with having a short circuit or even an accident. All in-lab safety measurements
were taken such as proper clothing, gloves to avoid any accidents with the electricity used, eye
safety goggles, etc.

25

Chapter 4
RESULTS AND DISCUSSION
This chapter clarifies how ANSYS was used to perform simulations on the final design. It
explains how the design reacts under laminar flow. Through the analysis of these simulations, it
assures the efficiency of the design to build a prototype and compare results. A prototype and a
test procedure are planned once the design of the valve is concluded. This chapter also shows the
actual results of the airflow control of the valve.
4.1 LAMINAR FLOW ANALYSIS ON TEST PROTOTYPE DESIGN
The next figure consists of the laminar flow analysis done with the volumetric flow rate of
60 L/min. Figure 14 considers the valve while its open and it also take into account the leakage
that could be present through the valve design. As can be seen in figure 14 and 15 the leakage is
minimal, and the flow stays laminar through the entire prototype even though there are several
reducers.

Figure 14. Laminar Flow ANSYS Analysis
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Figure 15. Laminar Flow ANSYS Analysis, Close Look into Leakage
4.2 FLOW ANALYSIS ON VALVE DESIGN
The next figures 16 and 17 takes into account the valve while it’s closed. This is a close
look into what the results can be while the valve closes in the prototype while the airflow is 60
L/min. As you can see the pressure and velocity increases due to the valve being closed. While the
leakage can also increase and this can be due to the pressure of the system increasing reason why
that part of the leakage was coveres by O-rings and a cap that pushes the O-rings further down
avoiding more leakages and avoiding that flow to get out of the system. This is what the leakage
would look like if we avoid putting the O-rings and the cap. As can be seen in figure 17, the disc
does cover much of the airflow, to make the valve even more effective and cover better the empty
spaces between it, a copper gasket will be added in the surroundings of the disc.
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Figure 16. Airflow ANSYS Analysis with valve
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Figure 17. Airflow ANSYS Analysis with Valve, Close Look into Leakage
4.3 SMA ACTUATION RESULTS
Before obtaining the actual results of the flow, the development of the springs with voltage
and current must be tested to determine how many springs or what size of springs will be ideal for
the design. For this the spring is enlarged to 42.87 mm and time for it to compress to its original
length which is 13.05 mm is taken by varying the voltage and current.
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Table 8. Fixed Voltage, Current vs Time for SMA

Current VS Time
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Graph 4. Fixed Voltage, Current vs Time for SMA
After this first set of testing, it was noticed that the set-up voltage is not the actual voltage
in which the spring fully contracts to its original shape. Reason why, other set of the testing was
done to find the actual current and voltage in which the spring actuates. The next tables show the
actual relationship of voltage, current and time. For this a maximum voltage and current was set
up.
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Table 9. Maximum Voltage Set at 1V

Table 10. Maximum Voltage Set at 2V

Table 11. Maximum Voltage Set at 3V
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Table 12. Maximum Voltage Set at 4V

Table 13. Maximum Voltage Set at 5V

An improved method to observe the relationship that this material has. A graph is shown
below that demonstrates the inverse relationship between these two factors, current and time of
actuation. It can be seen that less current signifies more actuation time, while more current
means a faster actuation time.
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Time of Actuation vs Current
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Graph 5. Time of Actuation VS Current, Max. Voltage=5V
4.4 ACTUAL FLOW RESULTS
The airflow direction in the prototype is represented by Figure 18. It can be noticed that
there can be leakages through the mount due to the increase of pressure that the valve creates when
closing. The airflow has one inlet and two outlets, this is with the purpose of varying the mass flow
rate and determine how much flow the valve can control.

Figure 18. Representation of the Flow Direction
The next table demonstrates the first set of testing and it can be seen that the leakage is the
minimal possible so the airflow control done by the valve can be observed. This table demonstrates
that only 5% of the flow can be controlled by the valve and that’s if the airflow is 60 L/min.
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Table 14. First Set of Testing

After some modifications to increase the internal sealing and the outside sealant of the
valve the next results were obtained. The next tables show airflow results at 60 L/min that
simulate the airflow velocities of the turbine exhaust at NETL Hyper facility. Table 15 can be seen
that the flow that’s the valve is controlling goes from 6 L/min to 8 L/min. That is approximate
10%- 13.33% of the total flow, and is 20%-26.66% of the partial flow. In other words, that is the
flow that is being controlled through outlet 1. Table 16 shows a flow control going from 6 L/min
to 10 L/min that is approximately 10%-16.66% of the total flow, but is 20%-33.33% of the total
flow going through outlet 1. There was a significant increase in airflow control.
Table 15. 1st Test Run with Modifications
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Table 16.2nd Test Run with Modifications
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Chapter 5
CONCLUSION
The MFC actuation gave a maximum deflection of 4.3 cm by utilizing two MFCs and
applying the maximum voltage. The analysis determined that the deflection was not enough to
control the flow. The results were not favorable since the MFC is not strong enough to deflect
airflows. A flapping effect resulted from this material if it’s used as an I-beam actuator. The
material flapping movement depended on the frequency of the voltage that’s applied. In other
words, the MFC vibrates accordingly to the frequency.
In the other side the SMA gave better results regarding actuation time and actuation force.
The force creates a torque and move the disc and control the airflow. The most significant results
were time of actuation vs current which showed an inverse relationship, in other words as the
current increases the time of actuation decreases. If a graph of this results is obtained, it will look
as an exponential relationship. Another important factor is how this material controlled the airflow
in the prototype. The valve gave positive results at room temperature since with every
modification, the test runs showed better results. In conclusion, this material can be used to create
a valve because of the actuation force it creates. This material is effective and is one type of SMA
that’s very strong and has better shape memory effect, has a better life and supports many cycles.
5.1 RECOMMENDATIONS AND FUTURE WORK
For future work the valve will be tested in high temperatures. The temperatures possible
in the lab go from 80°C-98°C. It is impossible to test at higher temperatures without respecting the
airflows that we need to use, since the heaters only heat up to 400°C and higher temperatures can
only be reached if the air flow is decreased.[26] Otherwise the full design will be kept the same,
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but the printing material will be change to a high temperature resin. This resin can tolerate up to
238°C [26] which is perfect for in lab purposes since the temperatures are below 238°C.

Figure 19. High Temperature Prototype for in-lab Purposes
The next step will be adapting the design so it can be tested in the actual SOFC/GT system.
For this, NETL will prepare the system decreasing the diameter to 2” valve design and reducing
its length to decrease the hole size that will need to be done to introduce the design. For the high
temperatures of this system, another method of manufacturing the current design needs to be done
as well as other materials. Other method such as powder bed fusion can be used so a specific alloy
can be chosen which is strong enough. Another method is to manufacture the actual design in an
external workshop to avoid rough surfaces and the material can be stainless steel. One of the
changes that will need to be made is to increase the size of the rod so the design can handle better
the airflows of the SOFC/GT. The next figure is a base design that will be applied in the 8-inch
pipe of the exhaust of the turbine. If lab trials are successful, only minor changes will be made.
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Figure 20. An Idea into the Design for the Hyper Facility
The last modification that must be done is in the top part where the SMA will be applied.
There are two ways to increment the torque force created by the SMA and that is by applying more
SMA springs. That way the material life can be extended. For this there’s two plans which can be
tested in the future and choose the one that creates more torque force. Figure 22 shows the two
iterations possible to create more torque force. Figure 22 shows the design a) in which the idea is
to attach at least 4 springs to each of those holes. While design b) shows 4 holes in which 1 spring
is thought to be attached to each hole. Once test runs are made on this, it can be determined which
iteration of the disc will be ideal.

Figure 21. Re-designed Rod and Disc
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Figure 22. Two Options for the Rod Design in which the SMAs will be Attached to

39

References
[1] Stephenson, D., & Ritchey, I. (1997). Parametric Study of Fuel Cell and Gas Turbine
Combined Cycle Performance. Volume 2: Coal, Biomass and Alternative Fuels;
Combustion and Fuels; Oil and Gas Applications; Cycle Innovations. doi: 10.1115/97-gt340
https://asmedigitalcollection.asme.org/GT/proceedings/GT1997/78699/V002T08A009/24
6646
[2] Determining the minimum bending radius: Eland cables. FAQ: Determining the minimum
bending

radius

| Eland Cables. (n.d.). Retrieved February 1,

2022, from

https://www.elandcables.com/the-cable-lab/faqs/faq-how-is-the-minimum-bendingradius-determined-for-cables
[3] Tressler, J.F., Alkoy, S. & Newnham, R.E. Piezoelectric Sensors and Sensor
Materials. Journal of Electroceramics 2, 257–272 (1998).
https://doi.org/10.1023/A:1009926623551
[4] Wilkie, W., High, J., & Bockham, J. (2002, January 1). Reliability testing of Nasa
piezocomposite

actuators.

Retrieved

February,

from

https://ntrs.nasa.gov/api/citations/20030014135/downloads/20030014135.pdf
[5] Junqiang, L., Yiling, Y., Chuanyu, W., Guoping, L., Tehuan, C., & Jianqiang, M. (2019,
October 25). Underwater oscillation performance and 3D vortex distribution generated by
miniature caudal fin-like propulsion with macro fiber composite actuation. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0924424719309604?casa_token=dTb
4_c6YZrMAAAAA%3ALcq8hl-1AMwZ7-T8jxq6n8YSZx3QtalGK08p16OkfwuMfdmkklzuOjKBo3w8axPirCc58lKqzo

40

[6] Dong, J., Liu, C., Chen, Q., Xu, Z., Chen, W., Wu, Y., & Yang, Z. (2020, June 06). Design
and experimental research of piezoelectric pump based on macro fiber composite.
Retrieved September 25, 2020, from
https://www.sciencedirect.com/science/article/pii/S0924424720305070?casa_token=lAW
OYHPO5VkAAAAA%3AOdVjXEgd4c14k-C9BetIEmwKeHSMkAj9aMmd6AfV9rXUkDz1hNp_5aN1xoW3TgLi99QCj1pEUQ
[7] Hobeck, J., Owen, R., & Inman, D. (2016, March 14). Residual thermal effects in macro
fiber composite actuators exposed to persistent temperature cycling. Retrieved September
18, 2020, from
https://aip.scitation.org/doi/full/10.1063/1.4943947?casa_token=0JJWUa0esBcAAAAA
%3AhNZu3ING8MthPWF3yWCdPWMvUZqotl2H5CBzfmjznTb7rxEc8Gao8WYtHwF
CYUX1X8dyhIJs_g6N
[8] Hu K, Li H. Large deformation mechanical modeling with bilinear stiffness for Macro-Fiber
Composite bimorph based on extending mixing rules. Journal of Intelligent Material
Systems and Structures. August 2020. doi:10.1177/1045389X20951257
[9] Smart Material Corporation. (n.d.). MACRO FIBER COMPOSITE - MFC Actuator, Sensor,
Energy Harvester, Energy Harvesting Systems, Piezo Powering and Instrumentation
Engineering Services. Smart Material Corp. Retrieved from https://www.smartmaterial.com/media/Datasheets/MFC_V2.4-datasheet-web.pdf
[10] High, J. W., & Wilkie, W. K. (2003). Method of fabricating Nasa-standard macro-fiber
composite piezoelectric actuators. NASA.

41

[11] SMART MATERIAL CORP. (n.d.). MFC P1, F1 and S1 types (d33 effect), Elongator.
MacroFiberComposite™ P1 type. Retrieved April 6, 2022, from https://www.smartmaterial.com/MFC-product-P1V2.html
[12] Lagoudas, D. C. (2008). Shape memory Alloys: Modeling and engineering applications.
Springer-Verlag US.
[13 Formentini, M., & Lenci, S. (2018). An innovative building envelope (kinetic façade) with
shape memory alloys used as actuators and sensors. Automation in Construction, 85,
220–231. https://doi.org/10.1016/j.autcon.2017.10.006
[14] Taha, O.M.A. & Bahrom, M.B. & Taha, Obai & Aris, M.S.. (2015). Experimental study on
two way shape memory effect training procedure for NiTiNOL shape memory alloy. 10.
7847-7851.
[15] Becker, M. P. (2010). Thermomechanical training and characterization of shape memory
alloy axial actuators (thesis).
https://scholarworks.montana.edu/xmlui/bitstream/handle/1/890/BeckerM0510.pdf?sequen
ce=1
[16] Morales, Cynthia, "A High-Temperature Valve Design for a Solid Oxide Fuel Cell/Gas
Turbine Hybrid System" (2020). Open Access Theses & Dissertations. 3108.
https://scholarworks.utep.edu/open_etd/3108
[17] Qing-Ming Wang & L. Eric Cross (1998) Performance analysis of piezoelectric
cantilever bending actuators, Ferroelectrics, 215:1, 187-213, DOI: 10.1080/00150199808229562.
Retrieved from https://doi.org/10.1080/00150199808229562

42

[18] Dunsch, R., & Breguet, J.-M. (2007). Unified Mechanical Approach to piezoelectric Bender
Modeling. Sensors and Actuators A: Physical, 134(2), 436–446.
https://doi.org/10.1016/j.sna.2006.06.033
[19] Kunzmann, J. (2007). Development of an MFC Bending Element as an Actuator for Sensor
Systems. SMART MATERIAL, Advanced Piezo Composites.
[20] Liang, C., & Rogers, C. A. (1993). Design of shape memory alloy springs with applications in
vibration control. Journal of Vibration and Acoustics, 115(1), 129–135.
https://doi.org/10.1115/1.2930305
[21] Liang, C. (1990). The constitutive modeling of shape memory alloys (Order No. 9116671).
Available from ProQuest Dissertations & Theses Global. (303901164). Retrieved from
https://utep.idm.oclc.org/login?url=https://www.proquest.com/dissertationstheses/constitutive-modeling-shape-memory-alloys/docview/303901164/se2?accountid=7121
[22] Ratzlaff, J. (n.d.). Wahl correction factor. Retrieved from https://www.pipingdesigner.com/index.php/disciplines/mechanical/stationary-equipment/fastener/2828-wahlcorrectionfactor#:~:text=Wahl%20correction%20factor%2C%20abbreviated%20as,coil%20curvatur
1e%20in%20a%20spring.
[23] Miková, L., Medvecká-Beňová, S., Kelemen, M., Trebuňa, F., & Virgala, I. (2015).
Application of shape memory alloy (SMA) as actuator. Metalurgija, 54(1), 169-172.
[24] Butterfly Valves & Controls. (2022, January 5). Butterfly Valve Introduction Guide: Control
Valves. Butterfly Valves & Controls. Retrieved from
https://valuebutterflyvalves.com/butterfly-valves-common-

43

applications/#:~:text=A%20butterfly%20valve%20regulates%20flow,over%20other%20ty
pes%20of%20valves.
[25] Roughness & surface coefficients. Engineering ToolBox. (n.d.). Retrieved April 4, 2022, from
https://www.engineeringtoolbox.com/surface-roughness-ventilation-ducts-d_209.html
[26] GUTIERREZ HERNANDEZ, L. Y. A. N. E. D. U. A. R. D. O. (2020). Effect Of
Temperature On A Piezoelectric Mass Flow Rate Sensor Signal (thesis).
[27] High temp resin. Formlabs. (n.d.). Retrieved March 30, 2022, from
https://formlabs.com/store/materials/high-temp-resin/
[28] Wilkie, W. K., Bryant, R. G., High, J. W., Fox, R. L., Hellbaum, R. F., Jalink, A., Little, B.
D., Mirick, P. H., “Low-Cost Piezocomposite Actuator for Structural Control
Applications,” NASA Langley Research Center, Hampton, VA 23681-2199
[29] Lloyd, J. (2004, July 09). Electrical Properties of Macro-Fiber Composite Actuators and
Sensors. Retrieved September 04, 2020, from
https://vtechworks.lib.vt.edu/handle/10919/10013
[30] Jarosław, G., Andrzej, M., & Andrzej, T. (2020, May 22). Proportional control of cantilever
laminated beam using macro fiber composite actuator. Retrieved September 04, 2020, from
https://aip.scitation.org/doi/abs/10.1063/5.0007915
[31] Kunzmann, J. ; Development of an MFC Bending Element as an Actuator for Sensor
Systems; Part 1 Analyzing Fundamentals;

06.15.2007

[32] Shahab, S., & Erturk, A. (2016, September 16). Electrohydroelastic Euler–Bernoulli–Morison
model for underwater resonant actuation of macro-fiber composite piezoelectric
cantilevers. Retrieved September 11, 2020, from
https://iopscience.iop.org/article/10.1088/0964-

44

1726/25/10/105007/meta?casa_token=fzz9Kq_PEQ0AAAAA:Ztbn5WTErQ3WywvFfbIaSwkFiKeO9UMP8PcejR94QoqVZ8Wvf_6bORJZsx2dyf8IIHA
9QJvBXi4VB0Komw
[33] R. Brett Williams , Daniel J. Inman & W. Keats Wilkie (2004) TEMPERATUREDEPENDENT THERMOELASTIC PROPERTIES FOR

MACRO FIBER

COMPOSITE ACTUATORS, Journal of Thermal Stresses, 27:10, 903-915, DOI:
10.1080/01495730490498386
[34] Pandey, A., & Arockiarajan, A. (2017, June 10). An experimental and theoretical fatigue
study on macro fiber composite (MFC) under thermo-mechanical loadings. Retrieved
September 18, 2020, from
https://www.sciencedirect.com/science/article/pii/S0997753817301286?casa_token=1MR3
OPn8-GsAAAAA%3AHdr31KA2gEqZ0xOP6UOf7gUwYv1QSBZLf59JaeyASRdSQD3o-cCqRoyeE4hEZYdlSEOG_J78w
[35] Dong, J., Liu, C., Chen, Q., Xu, Z., Chen, W., Wu, Y., & Yang, Z. (2020, June 06). Design
and experimental research of piezoelectric pump based on macro fiber composite.
Retrieved September 25, 2020, from
https://www.sciencedirect.com/science/article/pii/S0924424720305070?casa_token=lAW
OYHPO5VkAAAAA%3AOdVjXEgd4c14k-C9BetIEmwKeHSMkAj9aMmd6AfV9rXUkDz1hNp_5aN1xoW3TgLi99QCj1pEUQ
[36] Hobeck, J., Owen, R., & Inman, D. (2016, March 14). Residual thermal effects in macro fiber
composite actuators exposed to persistent temperature cycling. Retrieved September 18,
2020, from
https://aip.scitation.org/doi/full/10.1063/1.4943947?casa_token=0JJWUa0esBcAAAAA%

45

3AhNZu3ING8MthPWF3yWCdPWMvUZqotl2H5CBzfmjznTb7rxEc8Gao8WYtHwFCY
UX1X8dyhIJs_g6N
[37] Hu K, Li H. Large deformation mechanical modeling with bilinear stiffness for Macro-Fiber
Composite bimorph based on extending mixing rules. Journal of Intelligent Material
Systems and Structures. August 2020. doi:10.1177/1045389X2095125
[38] Paulsen, A., Dumlu, H., Piorunek, D., Langenkämper, D., Frenzel, J., & Eggeler, G. (2021).
Laboratory-scale processing and performance assessment of ti–ta high-temperature shape
memory spring actuators. Shape Memory and Superelasticity, 7(2), 222–234.
https://doi.org/10.1007/s40830-021-00334-1
https://link.springer.com/content/pdf/10.1007/s40830-021-00334-1.pdf
[39] Firstov, G. S., Humbeeck, J. V., & Koval, Y. N. (2004, April 27). High-temperature shape
memory alloys: Some recent developments. Materials Science and Engineering: A.
Retrieved 2021, from
https://www.sciencedirect.com/science/article/abs/pii/S0921509303015119?via%3Dihub.
[40] Motemani, Y., Buenconsejo, P. J., & Ludwig, A. (2015). Recent developments in hightemperature shape memory thin films. Shape Memory and Superelasticity, 1(4), 450–459.
https://doi.org/10.1007/s40830-015-0041-0

46

Appendix
Nomenclature
Symbol

Definition

I

Inertia

w

Width

t

Thickness

E

Young’s Modulus

𝐹𝑏𝑙𝑜𝑐𝑘

Blocking Force

L

Length

u

Desired free deflection

r

radius

𝑅𝑘

Bending radius

𝜏

Shear Stress

𝛾

Strain

𝛺

Phase Transformation Tensor

𝜉

Degree of Martensitic Trans.

𝛩

Thermoelastic Tensor

T

Temperature

K

Wahl Correction Factor

𝛯
R

Mean Spring Radius

r

Radius of Spring Wire
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G

Shear Modulus

α

Angular Deflection

N

Total Number of Coils

y

Total Deflection

μ

Poisson’s Ratio

𝑡𝑎

Time of actuation

𝐴𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

Material Constant

𝑆𝑁𝑖𝑇𝑖

Cross Section Area

∆𝑇

Temperature Difference

I

Current

ṁ

Mass Flow Rate
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PIEZO MOUNT FOR LAB PROTOTYPE
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SHAPE MEMORY ALLOY INFORMATION
Type of Spring

Brand Name

1-Way SMA

Nexmetal

2-Way SMA

Nexmetal

1-Way SMA

Kellogg’s Research Labs

2-Way SMA

Kellog’s Research Labs

MACRO FIBER COMPOSITE INFORMATION
Brand Name

Model Name

Smart Material Corporation

M-2814-P1

Smart Material Corporation

M-4005-P1
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